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Abstract: The COVID-19 has plunged the world into a pandemic that affected millions. The continually emerging new variants of
concern raise the question as to whether the existing vaccines will continue to provide sufficient protection for individuals from SARS-
CoV-2 during natural infection. This narrative review aims to briefly outline various immunotherapeutic options and discuss the
potential of clustered regularly interspaced short palindromic repeat (CRISPR Cas system technology against COVID-19 treatment as
specific cure. As the development of vaccine, convalescent plasma, neutralizing antibodies are based on the understanding of human
immune responses against SARS-CoV-2, boosting human body immune responses in case of SARS-CoV-2 infection, immunother-
apeutics seem feasible as specific cure against COVID-19 if the present challenges are overcome. In cell based therapeutics, apart from
the high costs, risks and side effects, there are technical problems such as the production of sufficient potent immune cells and
antibodies under limited time to treat the COVID-19 patients in mild conditions prior to progression into a more severe case. The
CRISPR Cas technology could be utilized to refine the specificity and safety of CAR-T cells, CAR-NK cells and neutralizing
antibodies against SARS-CoV-2 during various stages of the COVID-19 disease progression in infected individuals. Moreover,
CRISPR Cas technology are proposed in hypotheses to degrade the viral RNA in order to terminate the infection caused by SARS-
CoV-2. Thus personalized cocktails of immunotherapeutics and CRISPR Cas systems against COVID-19 as a strategy might prevent
further disease progression and circumvent immunity escape.
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Introduction

Since December 2019, a novel coronavirus name of “SARS-CoV-2”, caused the outbreak of COVID-19 pandemic and
scientists from all over the world have been racing to find a cure for COVID-19." The SARS-CoV-2 virus bears strong
similarity to SARS-CoV and mainly enter cells by utilizing its spike(S) glycoproteins which is complementary to the
angiotensin converting enzyme 2 (ACE-2) receptors in the epithelial cells of the human lungs.> SARS-CoV-2 hijacks the
human body cells and releases its RNA genome into the cytoplasm, and then initiates the replication of its viral RNA to
generate a new virus to infect other healthy cells.® Transmission dynamics include two categories, one is the transmission
between humans and the other is from air pollution to human which is also the airborne viral infectivity. Pollution increase
the diffusion rate of viral infectivity which might have stronger infectivity than human-to-human transmission. Industrialized
regions with high levels of air pollution have a significant impact on higher infection and mortality rate.*® A recent
systematic review suggests that some ethnic factors might also influence COVID-19 outcome.” Non-pharmaceutical
interventions such as wearing masks, hand hygiene, disinfection of surfaces, social distancing and self isolation are educated
to the general public to slow down or decrease the spreading of COVID-19.'*!" Countries implemented lockdown policies,
public event cancellations, placing restrictions on private gatherings, closing schools and workplaces, quarantine or extensive
testing in order to curb COVID-19 transmissions, and additionally the real-time monitoring of transmissibility mortality is
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vital.'>”'* Moreover, speedy optimal vaccination rollout for the population is a useful strategy to decrease infection rate and
mortality before the take off of a next pandemic wave.'> The factors of a relative better preparedness of countries to cope
with COVID-19 pandemic crisis could be associated with a relative smaller population or better governance and higher
expenditures in health systems. Experience drawn from the comparison between first and second wave of the COVID-19
pandemic in Italy can promote effective policy responses to decrease the negative impact on people’s health in recurring
waves and in potential future pandemics.'®2° Conventional COVID-19 management include supportive care, eg oxygena-
tion, and fluid management with are provided widely for mild and more severe cases. In severe COVID-19 cases, patients
with ARDs are put under ventilation or endotracheal intubation, or extracorporeal membrane oxygenation (ECMO)
according to circumstances and availability.”' The antiviral remdisivir was approved for emergency use by US Food and
Drug Administration (FDA) on 8th May 2020. Moreover, a study in Italy concludes that the use of remdesivir was associated
with positive effect on the survival of severe patients under mechanical ventilation.”> However, in March 2020, WHO
coordinated a WHO solidarity trial on remdesivir, hydrochloroquine, lopinavir and interferon-fla.2, concluding that they
have little or no effect on COVID-19 inpatients on death rate, ventilation or on the length of hospitalization days.”* Tumour
necrosis factor regulator 2 is proposed as tregs-based therapy in the management of COVID-19 to overcome hyperinflamma-
tion in severe cases of COVID-19.>* Baricitinib as an immunomodulatory treatment is suggested as an approach to lower
mortality rate.”> Then, dexamethasone used intravenously with standard care was concluded to have effects in shortening
ventilator days in COVID-19 patients with moderate to severe ARDS.*® However a study revealed that the there was no
synergistic effect between tocilizumab and dexamethasone on the hospital mortality.”” Despite the implementation of
preventative measures, supportive care, and various therapeutic approaches to contain COVID-19,%® the SARS-CoV-2
associated infection nevertheless occur, therefore alternative approaches should be taken into account. Thus this review
aims to briefly outline various immune response boosting strategies and discuss the immunotherapeutics and CRISPR Cas
technology as potential specific cure for COVID-19 and the challenges to be overcome.

Methods

We searched the PubMed for relevant literature in subject area including COVID-19 vaccine, convalescent plasma,
antibody therapy, T cell based therapy, CAR-T cell therapy, CAR-NK cell therapy and CRISPR Cas technology against
COVID-19. The search terms included “COVID-19 vaccine”, “Vaccine against COVID-19 variants”, “convalescent
plasma COVID-19”, “neutralizing antibodies against COVID-19”, “T cell COVID-19”, “CAR-T COVID-19”, “CAR-NK
COVID-19”, “CRISPR Cas COVID-19”. 645 full text articles were read and assessed for elegibility. The final choice of
literature and references included, among which 84 are identified via reference search or other sources, are based on our
judgement of the relevance of their contents in providing a review mainly focused on the potential of immunotherapeu-
tics and CRISPR Cas technology against the complex disease of COVID-19 and a very brief outline of COVID-19
targeting prophylactic vaccine and immunotherapeutic aspects of COVID-19. We have also stated some of our opinions
formed based on the literature search and reading. As for the tables we searched the www.clinicaltrials.gov for
neutralizing antibodies, T cell, CAR-T cell, NK cell, CAR-NK cell against COVID-19. See Figure 1.

COVID-19 Outcome

Some patients suffering from COVID-19 merely experienced mild symptoms and recovered without hospitalization
treatment®® whereas others experienced more severe symptoms which required hospitalization, or developed into
critically ill cases and were admitted into ICU. People could also die from COVID-19.°%*! Risk factors for patients
susceptible to critically ill COVID-19 cases could be old age, male gender, obesity, pregnancy, immune deficiencies,
chronic illnesses such as hypertension, diabetes, chronic diseases of the lung, heart, kidney or liver or even tumors.*? In
a survey it is concluded that even the majority of patients who were discharged six months after COVID-19 hospitaliza-
tion still felt that their health have not returned to their normal state before infection and the most of them suffered from
fatigue, with 9% of them still requiring oxygen therapy.>”
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Immune Responses in COVID-19 Patients

Development of vaccines and immune-based therapeutics against SARS-CoV-2 are based on the understanding of the
immunopathogenic basis of human immune responses against SARS-CoV-2.>* Spike specific CD19+IgG+ memory
B cells were detected in the blood samples of eight COVID-19 patients around the time of 9 to 28 days since the onset of
symptoms. Monoclonal antibodies were separated from single B cells from 8 COVID-19 patients, some with the capacity
to neutralize SARS-CoV-2.>> Studies indicate lymphopenia of T lymphocytes, with drastically decreased amount of
CD4+ T cells and CD8+ T cells in moderate and severe cases of COVID-19.>¢ A study showed that severe cases of
COVID-19 have decreased numbers of total lymphocytes, CD4+ T cells, CD8+ T cells, B cells, and natural killer cells in
their blood plasma than mild cases.?” In recovered patients from mild COVID-19, reactive specific N, M, and S protein
targeting T cells were detected with IFN-y ELISPOT.?® Follicular helper T cells and Th2 CD4+ T cells both promote for
B cell antibody generation.”® Bcl-6+ follicular helper cells and germinal centers has been reported to be missing in
COVID-19 patients.*°

Impact of SARS-CoV-2 Mutations

During the COVID-19 pandemic SARS-CoV-2 has undergone evolution developing into variants such as B.1.1.7
(Alpha), B.1.351 (Beta), P.1 (Gamma) and B.1.617 divided into B.1.617.1 or (Kappa), and B.1.617.2 (Delta) with
mutations on the N-terminal domain or receptor binding domain of the spike protein.*' Mutations occur in viruses such
as modifications in genetic sequences that could lead to higher infectivity, or more efficient replication. Examples such as
evolved S proteins, include B.1.1.7 (Alpha variant), B.1.351 (Beta variant), and B.1.1.28 (Gamma variant). In B.1.1.7
four deletions occurred of the spike protein such as N501Y, P681H, H69-V70, and Y144/145. B.1.351 include three
mutations in the spike protein such as N501Y, K417N, and E484K.** B.1.1.28 included N501Y, K417T, and E484K
mutations in the gene coding spike protein and the P.1 include mutations such as 20J/501Y.V3. 20J/501Y.V3. In addition,
B.1.617 include E484Q and L452R mutations. It is notable that the N439K mutation raises the binding affinity of the
spike protein of SARS-CoV-2 for the ACE2 receptor and decreases the effect some monoclonal antibodies and
polyclonal antibodies against the infection in the sera of patients recovered from COVID-19.**** B.1.1.529 (Omicron)
included 30 signature mutations, and shares some mutations with the previous variants of concern mentioned.*’ It is
possible that future mutations could pose challenges to the development of effective prophylactics and therapeutics.

Vaccines

Pfizer (BNT162b2), Moderna (mRNA-1273) are RNA based vaccines approved by the Food and Drug Administration
(FDA). Adenovirus vaccines include AZD1222 from AstraZeneca/Oxford, Ad26.COV2.S from Johnson & Johnson/
Janssen, Ad5-nCoV from iCanSino Biologics. Moreover, some companies used the typical vaccine platform to make
inactivated vaccines which include BBIBP-CorV from the Beijing Institute of Biological Products/Sinopharm, CoronaVac
from the Wuhan Institute of Biological Products/Sinopharm, and BBV152 from Bharat Biotech in India.*® Pfizer-BioNTech
and Moderna were able to gain the first FDA approval for modified mRNA-based vaccines under Emergency Use
Authorization (EUA).The synthetic modified mRNA has been already approved as a vaccination-based method for targeting
SARS-CoV-2 virus as mRNA does not enter the nucleus or integrate into the host’s genome and it does not cause
mutagenicity, which is the major disadvantage of the DNA-based delivery systems.*’ BNT162b2 is a Lipid nanoparticle
formulated mRNA COVID-19 vaccine, comprised of two doses (Pfizer-BioNTech, Mainz, Germany) which was applied
after its approval by the authorities. The purpose of the lipid nanoparticles are to prevent the mRNA from breaking down
before it reaches the human body cells after vaccination. The mRNA is translated into S protein inside the host cells causing
immune responses, inducing antibody and CD4+ and CD8+ T cell responses. BNT162b2 is reported to be capable of
preventing symptomatic manifestation of SARS-CoV-2 infections after the completion of two doses.*>* However, in
a study, obvious antibody decline was reported after 3 months post BNT162b2 vaccination but did not vanish entirely,”* but
immunocompromised patients respond less well to COVID-19 vaccine despite its protective purposes.”>° In a cohort
study, three patients who underwent dialysis contracted COVID-19 after the first dose of vaccine, then one patient deceased,
indicating the necessity of intervention post vaccinations, the monitoring of SARS-CoV-2-S1 IgA in blood serum of such
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patients.”” In Goes et al Six subjects in Brazil were vaccinated with either one or two doses of CoronaVac or AZD1222
before suffering from mild symptoms of COVID-19, for some of them it was even a reinfection, suggesting the possibility
of infection irrespective of vaccine category and completion of vaccine doses.”® COVID-19 vaccine may lower the
possibility of infection upon exposure to the virus or might decrease the possibility of infection symptoms leading to
asymptomatic infection with viral shedding, still contagious, but probably lower the contagiousness of SARS-CoV-2
infected people. However, if the vaccine does not decrease contagiousness merely causing asymptomatic infections, it
might potentially lead to increased transmission of SARS-CoV-2 since asymptomatic infections of COVID-19 are more
difficult to detect.’® Moreover, SARS-CoV-2 variants could also influence vaccine efficacy. Although BNT162b2 mRNA
vaccine is an effective prophylactic against SARS-CoV-2, a cohort study of BNT162b2 assessed 813 viral genome
sequences from nasopharyngeal swabs suggesting lowered vaccine effectiveness against B.1.351 and B.1.1.7. A greater
proportion of B.1.351 was detected in the group vaccinated with BNT162b2, in 7-14 days after the second dose, in
comparison to the matched unvaccinated controls. Moreover, an increased proportion of B.1.1.7 was found in individuals
between 14 days after the first dose and 6 days after the second dose, in comparison to the matched unvaccinated control,
however there was no increased breakthrough rate of B.1.1.7 were detected a week or after the second dose, but not enough
data were available to assess vaccine immune escape of B.1.351 in the one dose group.®® However, a recent report shows
that BNT162b2 mRNA vaccines induced neutralizing antibodies against the SARS-CoV-2 virus, and also against 5 variants
of concern Alpha (B.1.1.7) Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Kappa (B.1.617.1) at a week post
vaccination but dropped in levels at 12 weeks and six months, but the level of spike antibodies were detected six months
after the second dose are the close to those after receiving the first dose and from the convalescent plasma of people infected
by COVID-19.°" Moreover, The BNT162b2 mRNA COVID-19 vaccine induced spike protein-specific neutralizing
antibodies for the B.1.1.7 variant, although the neutralization for the B.1.351 variant is reduced but they still provide
some level of protection.®® In another study the mRNA-1273 vaccine elicit high neutralizing responses against B.1.1.7 and
B.1.351 infections, whether symptomatic or asymptomatic, providing protection against mortality even after a single dose.*®
A study showed that a two-dose regimen of the AZD1222 from AstraZeneca/Oxford (ChAdOx1 nCoV-19) vaccine did not
show sufficient efficacy in preventing against mild-to-moderate COVID-19 caused the B.1.351 variant. (ClinicalTrials.gov
number, NCT04444674).°* A cohort study of COVID-19 immune responses in 585 patients with cancer after two doses of
BNT162b2 (153 out of 585) or AZD1222 (430 out of 585) vaccines. Seroconversion rates followed by two doses were 85%
and 59% in patients with solid (447 out of 585) and hematological cancer (138 out of 585) although 29 out of 585 did not
receive a second dose of vaccine due to various reasons. Post-first dose, 49% of patients with no infection had detectable
neutralizing antibodies to wildtype SARS-CoV-2, with significantly lower proportion having detectable NAb to variants of
concerns (Alpha 15%, Beta 9%, Delta 9%). Post-second dose, the proportion of patients with detectable neutalizing
antibodies against all strains increased, but less so against variants of concern versus wild type (wild type 83%, Alpha
61%, Beta 53%, Delta 54%).°° A 1.617.2 live virus was used in a study to analyze its sensitivity to vaccine induced serum
neutralizing antibodies post two doses of AZD1222 or BNT162b2 in vitro, which demonstrated diminished neutralizing
effect against B.1.617.2 (Delta variant) relative to wild type Wuhan-1 bearing D614G of approximately an eightfold.®®
A study researched on the immune response of twenty Ad26.COV2.S vaccinated individuals, analyzing the vaccine induced
neutralizing effect against the original SARS-CoV-2 virus WA1/2020 as well as against the B.1.1.7, CAL.20C, P.l1 and
B.1.351 variants of concern, suggesting reduced neutralizing effect when targeting the B.1.351 and P.1 variants, although
other antibody responses and T cell responses were preserved, moreover natural killer cell responses were preserved against
the B.1.351 variant.®’ In another study and serum from 50 individuals in 2 to 3 weeks after receiving of the second dose
vaccines — BBIBP-CorV (Sinopharm) or CoronaVac (Sinovac), which showed a low antibody response. In the CoronaVac
vaccinee serum samples, there was a remarkable decrease in the serum neutralization of B.1.1.7 and B.1.351.°® While
a single dose of BBIBP-CorV (Sinopharm)or CoronaVac (Sinovac) do not generate sufficient protection against the
B.1.617.2 variant among study participants between 19 and 59 years, post two doses the neutralizing activity reached an
vaccine efficacy of 59% in a study, which surpassed the World Health Organization minimal threshold of 50%.%° Moreover
in a study it was suggested that the vaccine BBV152/COVAXIN effectively neutralizes recently emerged B.1.1.7 variant of
SARS-CoV-2. BBV152 has equivalent neutalizing antibody titres to B.1.1.7,”° However, BBV152 induced neutralisation
activity against B.1.351 variant diminished but demonstrated effectiveness in protection against the B.1.617.2 variant.”!
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SARS-CoV-2 Omicron variant (BA.1/B.1.1.529) has up to 36 mutations in the spike protein. A study show that Omicron
variant escapes neutralizing antibodies elicited by BNT162b2 or Coronavac. A group measured the neutralization potency
of sera from 88 mRNA-1273, 111 BNT162b, and 40 Ad26.COV2.S vaccinees against wild-type, B.1.617.2, and Omicron
SARS-CoV-2 pseudoviruses. However, results show that the participants who received additional booster doses of mRNA
vaccines presented vaccine induced potent antibody neutralization of Omicron, merely 4 to 6-fold lower than wild type.”*"
In another study, six months after the 2nd dose the BNT162b2 and mRNA-1273 vaccines, there was no neutralizing activity
against the Omicron variant detected in the sera of the study participants, but after a booster shot (3rd dose), neutralizing
responses was detected in over 90% of the participants against the omicron variant.”*’> More detail of vaccines against
SARS-CoV-2 variants are beyond the scope of this paper and reviewed else elsewhere.”® Alternative strategies include
vaccines not merely designed to target the spike protein of SARS-CoV-2 virus to prevent immune escape of the future novel
variants. A hAd5 S-Fusion+N-ETSD vaccine was generated to induce T cells and antibodies that target both S protein and
N protein of SARS-CoV-2 virus in mice in an effort to overcome the shortcomings of vaccine that merely elicit immunity
against spike protein as T cells play a role in long term immunity in inducing antibody responses and in the annihilation of
SARS-CoV- 2 infected cells.”’

Convalescent Plasma Therapy

Monoclonal antibodies extracted and developed from convalescent plasma show the capacity to deter progression of mild
to severe COVID-19 and can be suggested as a therapeutic during the early stage of COVID-19.”® A trial of applying
convalescent plasma in treating COVID-19 came to the conclusion that this approach is not effective in preventing the
mild cases from developing into serious cases, however due to the limitations in the trial this conclusion has yet to be
confirmed by more researches.”’ In another study in China the results could lead to the conclusion that convalescent
plasma could relieve the symptoms and lower mortality in severe cases of COVID-19.%° One concern is whether
convalescent plasma is a safe enough method to apply. In a case study the results suggested that the transfer of
convalescent plasma is even safe enough with a SARS-CoV-2 infected patient with immunoglobulin G(IgG)K multiple
myeloma although she was treated for her disease.®' Another multicenter cohort study concluded that convalescent
plasma can reduce in-hospital mortality of COVID-19 patients.*> The risk of mortality is decreased with patients
hospitalized with COVID-19 who did not undergo mechanical ventilation by the transfusion of convalescent plasma
with higher anti-SARS-CoV-2 IgG antibody levels rather than transfusion of plasma with lower antibody levels.
ClinicalTrials.gov number, NCT04338360.% In a randomized trial, hospitalized adult patients with severe COVID-19
pneumonia in a 2:1 ratio to receive convalescent plasma or placebo, but the outcome showed no difference between

5.5 Moreover, in Kemp et al an

convalescent plasma and placebo, PlasmAr ClinicalTrials.gov number, NCT0438353
immunocompromised patient who had B cell lymphoma underwent convalescent plasma therapy for COVID-19 and the
results indicated evolution of the culprit virus producing spike double mutation with both AH69/AV70 and D796H which
enabled SARS-CoV-2 to evade neutralizing antibodies with increased infectivity, suggests an evaluation on the suitability
of the individual’s health condition before convalescent plasma therapy as a lack of support of T cell and B cell for the
antibodies administered result in reduction of viral clearance could potentially lead to viral evolution and immune
escape.® One individual transfusion of convalescent plasma was ceased after 2-3 mL were administered, due to diffuse
erythema and nausea.®® A therapeutic strategy based on the level of antibodies against the SARS-CoV-2 virus, in which
patients with positive serology receive high-dose dexamethasone and/or tocilizumab and patients with negative serology
receive early convalescent plasma therapy that suggest that early treatment of convalescent plasma and high-dose
dexamethasone may benefit patients with SARS-CoV-2 infection by reducing the rate of lung damage or intensive
care unit transfer rate. However, T cell depletion occurred in patients who received high-dose dexamethasone, and B cell
depletion occurred in those who received Tocilizumab.®” A study documented in vivo microevolution of SARS-CoV-2
observed by analyzing SARS-CoV-2 genetic sequence derived from tracheal aspirates from day 0, day 7, day 21, and day
27 of a patient infected by B.1.369 with immunodeficiencies who underwent convalescent plasma therapy. 5 mutations
were detected in B.1.369 over 27 days demonstrating that previously undetected variants of concern can appear in
immunocompromised patient despite the intervention against COVID-19 provided.*® According to Wang et al, con-
valescent plasma from patients infected with SARS-CoV-2 earlier in the pandemic demonstrate no particular difference
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in its ability to neutralize B.1.1.7, but its neutralizing capacity against B.1.351 decreased. Also there was a decrease in
neutralizing activity against P.1, but less compromised than with B.1.315. The convalescent plasma were collected from
20 of SARS-CoV-2 patients infected during the spring of 2020 and showed a 3.4-fold loss of activity against authentic
P.1 virus variant.*® A research compared the neutralization of B.1.351 using plasma drawn from hospitalized COVID-19
patients during the two waves of infection in South Africa, the second wave dominated by the B.1.351 variant. The first-
wave virus variant could be neutralized by using the plasma of the first-wave infected donors, but the B.1.351 variant was
poorly cross-neutralized by plasma from individuals with first-wave infections, the efficacy was reduced by 15.1-fold
relative to neutralization of B.1.351 by plasma from individuals infected in the second wave. However, cross-
neutralization of first-wave virus variants using plasma from donors of second-wave infections demonstrated merely
a 2.3-fold decrease in comparison to neutralization of first-wave virus variants by plasma from donors infected in the first
wave.”® Since humans generate antibodies against the viral species with which they are infected, and these antibodies are
found in convalescent plasma. As any individual who recovers from variant SARS-CoV-2 has antibodies against that
variant, convalescent plasma is an antibody-based therapy that locally keeps up with variants.”!

SARS-CoV-2 Neutralizing Antibodies

In a research report, 206 receptor domain specific monoclonal antibodies were obtained from single B cells from 8
COVID-19 patients. Human antibodies that can neutralize SARS-CoV-2 are found which with competes with angio-
tensin-converting enzyme 2 (ACE2) in binding to receptor-binding domain (RBD), thus impair viral entry and these
antibodies might bring advantage developing antibody therapies for COVID-19.> Researches on monoclonal antibodies
for neutralization include tocilizumab, sarilumab, and siltuximab.”* Additionally the use of a combination of some single
monoclonal antibodies, so called a “cocktail of antibodies” instead of one type of antibody, with other antibodies acting
as backup antibodies in case the spike proteins should escape notice. Trials were run in monkeys although we have wait
for more evidence about effectiveness.”® In a study, SARS-CoV-2 neutralizing antibodies are detected. The majority of
the antibodies target the spike protein—the receptor-binding domain and N-terminal domain (NTD), antibodies directed
against the receptor binding domain (RBD) are 10 —100 times more effective than antibodies that target the N-terminal
domain. The neutralizing antibodies can be classified into four groups, group one include S1 RBD-specific neutralizing
antibodies (JO8, 114, F05, G12, C14, and B07), group two consists of S1-specific neutralizing antibodies that did not bind
the RBD (121, J13, and D14).The third group consists of antibodies able to bind to the S-protein only in its entire trimeric
form (H20, 115, F10, and F20), the fourth group consists of antibodies that are specific to S2 domain.”>*¢ Although
antibody therapy is used as a immune activity based therapeutic with COVID-19, a combination of IgG monoclonal
antibodies against the receptor-binding domain of the spike protein, Immunoglobulin A dimers and Immunoglobulin
M pentamers also seem to demonstrate favorable preliminary treatment results.”” The FDA provided authorization for
emergency use for two monoclonal antibody cocktails, one consisting of casirivimab and imdevimab (REGEN-COV),
and the other is made up of bamlanivimab and etesevimab. Bamlanivimab is authorized as a prophylactic measure for
those in risk after exposure to SARS-CoV-2."% A clinical trial of 275 of COVID-19 outpatients with symptoms put into
groups of those who received 2.4g or 8g of a antibody cocktail that consists of Casirivimab and Imdevimab and those
who received placebo. The results demonstrate that the antibody cocktail decreased the viral load.”® Furthermore another
study evaluation of findings from over 6500 outpatient with monoclonal antibodies (mAbs) including bamlanivimab/
etesevimab, and casirivimab/imdevimab led to the conclusion that they protect individuals against mild to moderate
COVID-19, inhibits further progression of the disease in most cases.'® A study showed that Imdevimab neutralized
B.1.351 lineage pseudoviruses containing N501Y, K417N, and E484K mutations, while Casirivimab showed partial
neutralizing effect against them.'®" In another study it was concluded that bamlanivimab, casirivimab, and imdevimab
possess the capacity to effectively neutralize authentic SARS-CoV-2, including variant B.1.1.7 (Alpha), however variants
B.1.351 (Beta) and P.2 (Zeta) were resistant to bamlanivimab and partly resistant to casirivimab as they carry the E484K
mutation. The capacity of NTD-specific monoclonal antibody 4A8 targeting effect decreased with the B.1.351 variant in
South Africa that includes deletion of NTD residues 242-244.'%% Antibody cocktails that consists of S2M11, S2E12, or
S309 demonstrated neutralizing capacities against a panel of circulating SARS-CoV-2 and produced effector
functions.'”® An investigation into potent antibodies targeting the ACE-2 receptor found that they usually possess
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poor breadth and are easily escaped by SARS-CoV-2 variants but the S2E128 antibody demonstrated properties to
circumvent viral escape.'® In a study researchers used neutralization assays against P.1 including 20 antibodies such as
S309 Vir AstraZeneca (AZD) 8895, AZD1061, and AZD7442 (a mixture of AZD8895 and AZD1061); REGN10987 and
REGN10933 (Regeneron),LY-CoV555 and LY-CoV16 (Lilly), and ADG10ADG20, and ADG30 (Adagio). LY-CoV16
and LY-CoV555 were almost incapable neutralizing P.1 and B.1.351 and LY-CoV16 also showed decreased ability in
neutralization of B.1.1.7. Moreover, P.1 escaped neutralization by REGN10933 and there was a mild decrease in
neutralization of P.1 by AZD8895, while AZD1061 and AZD 7442 showed same neutralization capacity of all three
SARS-CoV-2 variants including B.1.1.7, P.1 and B. 1.351. In addition the ADG10, ADG20, and ADG30 antibodies
neutralized all three variants, monoclonal antibody (mAb) 222 neutralized all three variants despite interacting with two
of the ACE2-binding site mutations.'® In Zhou et al capacity of antibodies 175 and 158 to neutralize P.1 decreased
remarkably, and P.1 escaped neutralization by 269 almost completely. Antibody 150 neutralization against P.1 is less
decreased than against B.1.351.'%° Some studies have suggested a moderate decrease in B1.617.2 (Delta variant)
neutralization by the convalescent plasma and the sera of recipients of mRNA vaccines and resistance to monoclonal
antibodies approved for COVID-19 treatment. B.1.617 is resistant against bamlanivimab, an authorized antibody.
B.1.617 evades antibodies induced by infection or vaccination though less decreased by the B.1.351 variant.'””"'%® As
Omicron RBD binds to human ACE2 with increased affinity in comparison to the Wuhan-Hu-1 RBD. It is observed by
a group that most of the receptor-binding motif (RBM)-directed monoclonal antibodies (mAbs) in a study lost in vitro
neutralizing capacity against Omicron and whereas 3 out of 29 monoclonal antibodies, S2K146 mAb 1 and sotrovimab 2,
that included S2X259 3 and S2H97 4 which also possess the capacity to target antigenic sites outside the RBM.'* See
Table 1.

T Cell Based Therapy

Patients with immunodeficiency may suffer from more negative prolonged effects of COVID-19 since T cells play a vital
role in recovery.''® A study suggests that cultured SARS-CoV-2 membrane protein targeting specific T cell therapy
would be applicable in prevention or early treatment of COVID-19 patients with immune deficiency after bone marrow
transplantation while relieving inflammation.''" Furthermore in a study it was reported that receivers of SARS-CoV-2
spike glycoprotein-based mRNA COVID-19 vaccine introduced immune response against SARS-CoV-2 spike glyco-
protein in healthy vaccinees who were not infected by SARS-CoV-2. SARS-CoV-2 spike glycoprotein-targeting CD4+
and CD8+ T cells were extracted from the vaccinated individuals and largely expanded ex vivo in eleven days via cell
cultures. Moreover, two of the vaccinees caught COVID-19 and showed that the BNT162b2 vaccine does not induce
a immune reaction to nucleocapsid and membrane protein of SARS-CoV-2 whereas infection with the virus itself does.''
Appropriate T cell counts and adequate T cell activation and expansion in numbers are recorded in COVID-19
convalescent patients.''® Convalescent plasma of COVID-19 recovered patients contain CD4 and CD8 memory T cells
which remember the SARS-CoV-2 spike, nucleocapsid and membrane antigens and can be isolated for multiple dose
expansion to be used as SARS-CoV-2 specific immunotherapeutics.''* The study from Clinicaltrials.gov registration:
NCT04578210 demonstrate the transfusion of convalescent CD45RA memory T cells to COVID-19 patients with
moderate to severe symptoms are safe and applicable.''® In a study it is suggested that alone the utilization of immune
checkpoint inhibitors or combined application of immune checkpoint inhibitors with anti-inflammatory drugs would
enhance T-cell responses against the culprit virus that causes the COVID-19 crisis.''® T cells from recovered patient
specific to both spike and nucleocapsid protein of the SARS-CoV-2 virus were discovered and cloned. The highly
effective CD4+ T cells isolated from donors and expanded and suggested as a potential treatment option.''” Another
study shows that T cells isolated from COVID-19-recovered donors which are specific in targeting against several
structural SARS-CoV-2 proteins, among which include the Spike protein, then engineered genetically modified to equip
them with resistance to corticosteroids.''® See Table 2.

CAR-T Cell Therapy

CAR-T cells are engineered from autologous or allogeneic sources of T cells to express a chimeric antigen receptor
(CAR). CAR-T sparked an evolution the cancer therapy research. CAR consists of an extracellular single-chain variable
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Table | Neutralizing Antibody Therapy

Clinical Trial Identifier Phase Intervention Status

NCT04429529 Phase | Biological: TY027 Completed
NCT04931238 Phase | Combination Product: JSO16 (anti-SARS-CoV-2 monoclonal antibody) Recruiting
NCT04840459 Phase 2 Biological: bamlanivimab, casirivimab, imdevimab Recruiting
NCT0478721 | Phase 2 BRII-196 and BRII-198 Recruiting
NCT04425629 Phase 2/Phase 3 REGN10933+REGN 10987 combination therapy Recruiting
NCT04426695 Phase|/Phase 2 REGN10933+REGN 10987 combination therapy Completed
NCT04409509 Phase 2 Garadacimab, Factor Xlla Antagonist Monoclonal Antibody Completed
NCTO04441918 Phase | Combination Product: JSO16 (anti-SARS-CoV-2 monoclonal antibody) Recruiting
NCT04644185 Phase 2/Phase 3 SCTAOI Recruiting
NCT04464395 Phase | CPI-006 Completed
NCT04913675 Phase 3 VIR-7831 Recruiting
NCT04516564 Phase | AKI119 Recruiting

fragment (scFv) complementary to the target antigens by the stimulation of the intracellular costimulatory signaling
domain, followed by T cell proliferation, thereby annihilating tumor cells via cytolysis and cytokine release.''” CAR-T
cells can be generated by isolation of relevant T cells from patients’ or donors’ blood, T cells are transduced by lentiviral or
retroviral vector with the gene encoding a CAR to equip it with particular antigen specificity and then cultivated into larger
quantities and then transfused into patients, to eliminate the cells with target antigens which suggests similar approach could
be used to target the SARS-CoV-2 in order to assist patient’s immune system in their defence during COVID-19 onset.'*°
The CAR-T has gone under evolution and there are currently three generations of CAR, with low efficacy on solid tumours
and recurrence of malignancies, and side effects.'?! In 2017, the FDA approved Kymriah as cure for acute lymphoblastic
leukemia and Yescarta for large B cell lymphoma which are quite expensive.'?* Apart from application of CAR-T in cancer
therapy, CAR-T cell therapy is also researched in chronic viral infectious diseases.'**"'** Scientists are inspired likewise to
design CAR-T cells specific to the SARS-CoV-2 spike, nucleocapsid and membrane antigens and have them re-infused into
COVID-19 patient. There is also a hypothesis is based on the the CAR-T cells, that are generated to target the N protein of
SARS-CoV-2, as the N protein binds to the SARS-2 viral RNA and is found in this virus.'>> However a recent study that
demonstrated the CAR-T technique as a feasible approach against COVID-19 applied the injection of a combination of
2x106NIH/3T3-S1 cells and 4x106 CR3014-28Z/ CR3022-28Z CAR-T cells into NOD-SCID IL2Ry mice via the

intraperitoneal route to conclude that CAR-T cells are able to eradicate the S1 expressing cells in vivo in mice.'®

Obstacles of CAR-T Cell Therapy

Graft versus host disease is the primary challenge for treatments with allogeneic immune cells where the infused allogeneic
T cells target the host cell antigens and attack the patient’s own cells of various organs such as skin, lungs, gastrointestinal tract,
but leaving out kidneys, muscle, and brain, might implicate that the donor immune cells reach some organs more easily than
others and there are obstructions that deters them from reaching some of the other organs.'?” The infused allogeneic immune
cells need to be competent and the recipient must express antigens on their cell surface that are foreign to the allogeneic
transfused cells and the body of the patient receiving the treatment must be unable to deliver a successful immune response in
killing the infused cells.'*® The production of autologous CAR-T cells can be time consuming and cost great expenditure
curbing their clinical implementation on large scale. Not all patients are able to produce enough functional T cells in numbers
or at the time they are needed. Autologous T cell grafts is an obstacle for immunodeficient patients as they have difficulty in
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Table 2 T Cell Based Therapy

Clinical Trial Identifier Phase Interventions Status
NCT04990557 Phase |/Phase 2 PD-1 and ACE2 Knockout T Cells Not yet recruiting
NCT04457726 Phase |/Phase 2 SARS-CoV-2 Specific T Cells Recruiting
NCT04765449 Phase | Cytotoxic T Lymphocytes Not yet recruiting
NCT04401410 Phase | Biological: Partially HLA-matched SARS-CoVSTs Recruiting
NCT04389385 Phase | Biological: COVID-19 Specific T Cell derived exosomes (CSTCExo) Active, not recruiting
NCT04406064 Phase 2 Biological: Viral Specific T-cells(VSTs) Withdrawn
NCT04578210 Phase |/Phase 2 T memory cells and NK cells Recruiting
NCT04468971 Phase | CK0802 Active, not recruiting
NCTO04737161 Phase | T regulatory cells Withdrawn

generating healthy T cell to be expanded and then reintroduced into the body. The challenge could be overcome potentially by
the allogeneic T cell graft.'?® Universal bank of CAR-T cells derived from allogeneic healthy donors would provide T cells to
be genetically modified into off-the-shelf CAR-T cell based medications, simultaneously overcoming the potential graft-
versus-host disease."**!*! The development of useful quantities of effective CAR immune cells treat COVID-19 patients is
a race against time as the cultivation of modified immune cells usually requires at least several weeks.'** Also CAR-T cell
therapy could cause off-target effects in cases when the healthy body cells coincidentally express the same target antigen
intended for recognition for instance it was reported that CD19 is expressed on normal and malignant B cells.'**'** Thus,
similar considerations must be taken into account when developing CAR-T therapeutics to treat COVID-19. Moreover CAR-
T immunotherapy causes cytokine release a problem as seen in COVID-19."*%!® Hence, excessive cytokine/chemokine
release can cause hyperinflammation, which leads to severe complications of the disease including pneumonitis, acute lung
injury, acute respiratory distress syndrome, shock, vascular hyper permeability, organ failure, and death."*” Cytokine release
syndrome (CRS) could lead to multiorgan dysfunction, which can occur in COVID-19, and after chimeric antigen receptor
T (CAR-T) therapy, which is clinically characterized high fever, hyperinflammation, and severe organ dysfunction.'*®
According to the website clinicaltrials.gov there are currently at least 16 clinical trials ongoing to assess the efficacy of
blocking IL-6R in COVID-19 patients with cytokine storm syndrome.'*® Tocilizumab, is used for rheumatic conditions and is
also co-labelled by the US Food and Drug Administration (FDA) for treatment with CAR-T therapy, which might be
repurposed for treatment for COVID-19."*° Hemodialysis is suggested in a study that suggests by the use of cytokine filter
to decrease the cytokine storm in an effort to preserve the life of a severe COVID-19 patient in the study and it came to the
conclusion that it was effective, but implementation at earlier stages of the disease would prevent permanent damages.'*’
Tumor necrosis factor receptor 2 (TNFR2), to be targeted in Tregs-based therapies for management of COVID-19 is suggested

as an approach to overcome cytokine storm to prevent multi organ failure."*!

Natural Killer Cell Based Therapy

Natural Killer (NK) cell mediated antiviral activity which could include targeting the virus infected cells bring hope in
developing specific COVID-19 treatment.'** IgG1 and IgG3 induce NK cell mediated cytotoxicity through the IgGFc-
receptor IIla during the onset of COVID-19 and NK cells utilize the Fc domain of bound IgG to target antigens on infected
host cells, and kill these cells.'*'** NK cells have activating receptors such as natural cytotoxic receptors, NKG2D, CD16
that initiate NK cell activation.'*® Natural killer cells could target virus-infected cells or cancer cells, without former
sensitization whereas cytotoxic T lymphocytes needs sensitization whereas T cells requires a recognition of antigen to kill
the virus infected cells. However, the NK cells are regulated by a mixture of stimulatory and inhibitory receptors.147 NK cells
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function without matching human leukocyte antigen (HLA), can serve as allogeneic effectors and do not need to be initially
isolated from a human leukocyte antigen matching donor."*® CAR-NK elicit less severe side effects of graft-versus-host
disease than CAR-T as the donor NK cells normally do not bring harm to non-hematopoietic cells and due to the reason NK
cells possess a shorter life span than T cells, thus they normally do not harm cells from organs such as kidney, muscle, liver
and lung.'*” CAR-NK cell consists of isolating NK cells and modify these cells to express CAR that targets a tumor-specific
protein for instance and then re-infuse them back into the recipient.'**'>! CAR-modified human pluripotent stem cells might
hold the capacity to produce functional CAR NK cells continuously, a potential solution to deal with the relative shorter life
span of NK cells.'>* Although NK92 cell line is often considered for application in NK cell therapy based clinical trials, they
have to be irradiated due to the reason they are aneuploid.'>* Moreover, a study reported of CAR-engineered hematopoietic
stem/progenitor cells turning into NK cells and T cells that exhibit anti viral activities in humanized mice.'>* CAR-NK cell
therapy provide prospects for the prevention and cure of COVID-19 as CAR-NK cells might be designed to combat virus
infected cells. CAR-NK cells may also utilized as an off-The-shelf tool alone or in combination with other therapeutic
methods for viruses.'>> However, an allogeneic and off-The-shelf NK cell which are cryopreserved, CYNK-001, derived
from placental stem cells for treating leukemia and multiple myeloma is manufactured.'>® Also scientists carried out trials to
evaluate the effect of CYNK-001 against mild COVID-19. Moreover NKG2D-ACE2 CAR-NK cells are generated to treat
COVID-19. The study from Clinicaltrials.gov registration: NCT04324996'>" A study group developed CAR-NK cells to
target the SARS-CoV-2 spike protein with the CR3022 scFv domain, a robust neutralizing antibody that targets the S protein
of SARS-CoV-2. The results demonstrated that CR3022-CAR-NK cells hold the capacity to kill SARS-CoV-2 infected cells
in vitro.">® For more NK cell based therapy clinical trials for COVID-19, see Table 3.

Clustered Regularly Interspaced Short Palindromic Repeat Cas System

Clustered regularly interspaced short palindromic repeat (CRISPR) Cas was discovered acting as defender of bacteria
cells from foreign genetic material invasion.'>” Bacteria cells defend themselves against virus foreign genomic sequences
by producing a specific CRISPR RNA (crRNA) with a target sequence that binds and cleaves one or multiple regions in
the invading viral genetic material.'®® The CRISPR system includes two classes, class 1 and class 2. Class 1 is further
subdivided into type LIIl,and IV systems whereas class two is subdivided into type II, V, and VI. The class 1 CRISPR
system consists of multiple Cas proteins that mediate various functions including the processing of pre crRNA, binding
to crRNA, and cleavage whereas Class 2 consists of single, multi-domain crRNA binding Cas proteins.Cas 13 is
categorized under class 2 type VI is utilizes to target RNA and is the unique RNA targeting-resistant mechanism in
bacteria in addition to the type III CRISPR system in class 1."°""'®* As CRISPR and CRISPR-associated Cas proteins
possess many functions including, knock-in and knock-out of genes, inspiring scientists to develop therapeutics, to cure
diseases by correction of genetic defects.'®® Systems include CRISPR-Cas9,CRISPR-Casl2a and CRISPR-13 are

technologies that can be applied as tools for genetic modification.'®>'¢¢

CRISPR Cas System with Potential to Develop COVID-19 Therapeutics

A few studies consider CRISPR-Casl3 as an option for developing novel therapeutics against COVID-19.
Immunotherapy focuses on providing assistance to the body immune system to combat SARS-CoV-2 or prevent viral
entry into cells. The CRISPR-Casl3d system is associated with the RNA guided endonuclease obtained from
Ruminococcus flavefaciens XPD3002 with the ability to target RNA which could offer opportunities to SARS-CoV-2
therapeutic development.'®” The average size of Cas13d is 930 aa allowing CasRx effector domain fusions to be paired
with a CRISPR array encoding multiple guide RNAs can still fit into the adeno-associated virus delivery vehicle for
in vivo delivery.'®® Cas13d could block expression of the viral gene by cleavage of the specific RNA sequence of the
virus. Casl3 is small in size, possesses high specificity with catalytic activity which bears advantage over other Casl3
proteins, in targeting and inhibiting viruses such as SARS-CoV-2.'%? A strategy is proposed to eliminate SARS-CoV-2 by
the CRISPR-Cas13d system with gRNAs. As a maximum of three guide RNAs to target various peptide-encoding
regions of SARS-CoV-2 RNA genetic material can be packaged into one adeno-associated virus vector, in order reduce
the chance of resistance. Moreover, adeno-associated virus has serotypes highly specific to the lung which is a major
organ that can be infected by SARS-CoV-2.'7% Another study aimed to use the ability of the CRISPR-Cas13a system to

960 https: Drug Design, Development and Therapy 2022:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove He and Zeng
Table 3 Natural Killer Cell Based Therapy
Clinical Trial Phase Interventions Status
Identifier
NCT04324996 Phase I/Phase | NK cells,IL15-NK cells, NKG2D CAR-NK cells, ACE2 CAR-NK cells, NKG2D-ACE2 | Recruiting
2 CAR-NK cells
NCT04634370 Phase | Natural Killer Cells infusion Not yet
recruiting
NCT04280224 Phase | NK Cell Recruiting
NCT04365101 Phasel/Phase 2 | Natural Killer Cell (CYNK-001) Infusions in Adults With COVID-19 Active, not
recruiting
NCT04578210 Phasel/Phase 2 | Biological: T memory cells and NK cells Recruiting
NCTO04344548 Phasel/Phase 2 | Allogeneic NK transfer Withdrawn
NCT04900454 Phase | DvX201 Recruiting

edit RNA to the advantage of combating SARS-CoV-2. Cas13a functions when activated by a particular crRNA that aims
at a specific sequence of single-stranded RNA to cleave the target RNA and causing collateral cleavage, resulting in the
cleavage of the SARS-CoV-2 RNA sequence thus preventing viral protein synthesis and viral replication.'”!

Prophylactic antiviral CRISPR in huMAN cells (PAC-MAN) strategy is developed as an option acting as intervention to
inhibit SARS-CoV-2 and other corona-viruses in a study. Cas13 and CRISPR-associated RNA (crRNA) can be utilized to
cleave or degrade SARS-CoV-2 RNA genome and inhibit intracellular replication. The success of SARS-CoV-2 RNA
degradation is assessed by the measurement of reporter signal in the research. As a pool of crRNA could suppress around
70% of reporter signal. Moreover, multiple crRNAs targeting the regions of the RARP and N protein genes of SARS-CoV-2
resulted in over 80 and 90% viral RNA degradation.'”> Three methods have been proposed by scientists for the CRISPR Cas
technology to carry out its genetic material cleavage function inside living cells: 1. Introduce CRISPR components in the form
of DNA to express Cas13 and crRNA shortly inside the cells. 2. Introduce Cas13 and crRNA in the form of RNA and allow it
to be expressed inside host cells. 3. Introduce CRISPR components as a ribonucleoprotein complex which have a high editing
efficiency transiently, with limited off-target effects.'’*"'”* The technical problem lies in finding highly specific delivery
system that transports CRISPR components uniquely into infected cells, otherwise there would be an equal opportunity that
they get delivered into healthy cells.

Antibody And Cas fusion (ABACAS) is another strategy to gain specificity to SARS-CoV-2 infected cells where
CRISPR nuclease is attached to a major virus structural protein for instance the S protein, to facilitate the entry of Cas13
into infected cells together. A promising antiviral therapeutic termed as fused antibody in the Antibody And Cas fusion
(ABACAS) works by attaching Casl3 to the specific antibody of SARS-CoV-2 S protein for instance CR3022. The
(ABACAS) approach possesses the ability to detect SARS-CoV-2 S protein and facilitates the entry of the Casl3
alongside the virus into the virus infected cell.'”®'”7 SARS-CoV-2 enters human cells by the binding of S protein with
ACE2 receptor therefore Peptidase Domain of ACE2 and Cas13 (PDCas13) has been suggested as a potential alternative
method. The antibody utilized in ABACAS is replaced with the peptidase domain of ACE2 or with a simple peptide of
ACE2 to bind with the S protein of SARS-CoV-2. The delivery of PDCasl3 alongside with virus particles into the
infected cells induces the antiviral impact of PDCas13 via degradation of viral genome RNA.'"®

More Hypotheses of CRISPR Cas Systems Against SARS-CoV-2

A review suggests that CRISPR/Casl3 system aims to cleave the viral RNA genome inside the infected cells or
deactivate the expression of protein-coding genes of the SARS-CoV-2, such as spike protein coding genes, making
this approach RNA specific instead of viral surface protein specific. Several target sites are recommended for it to cleave
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and to disable genome NSP1-NSP16, accessory proteins, and ORF1-10. In addition adeno-associated virus vector is
suggested as a vehicle for transferring the CRISPR/Cas13d system into the infected cells.'”® Moreover, another review
proposed that if CRISPR/Cas13 gene constructs enters the SARS-CoV-2 infected cells by a virosomal delivery system,
with the spike protein embedded on the membrane surface of the virosomes the virus genome sequence will be cleaved
and thus the virus will be deactivated.'*® Furthermore, it has been suggested as a hypothesis that CRISPR in human cells
(PAC-MAN) along with CRISPR/Cas13d could break down the specific RNA sequence to inhibit viral replication as

a prophylactic strategy.'®!

CRISPR Cas Technology to Enhance Cell Based Therapeutics

Due to the capacity of CRISPR Cas technology to modify genetic sequences, it has been used in a variety of
applications to enhance immunotherapy. In an effort to investigate the engineering of universal anti tumour CAR-T
cells for off-the-shelf purpose, Cas9 ribonucleoprotein electroporation was utilized to develop T cells deficient in
human LEUKOCYTE antigen class I, human leukocyte antigen class II, and T-cell receptor via deletion of the beta
2-microglobulin (B2M), class II transactivator (CIITA), and T cell receptor alpha constant (TRAC) genes all at the same
time and then transduced such T cells with CD19 chimeric antigen receptor. However they still could be killed by
natural killer cells, although they survive better than T cells with TRAC and B2M double knockout in the allogeneic
peripheral blood mononuclear cells in vivo of immunocompromised mice and did not cause graft versus host disease
which indicates the potential of engineering SARS-Cov-2 specific off-the-shelf CAR-T cells for various variants.'®*
CRISPR/Cas9 system has been utilized to knock out T cell receptors (TCR), beta-2 microglobulin and PD1 simulta-
neously, to produce universal CAR-T cells with a lack of T cell receptors (TCR), human leukocyte antigens (HLA) class
I molecule and programmed cell death protein 1(PD1) to treat infectious diseases. These CAR-T cells show the same
potency as non genetically modified CAR-T cells and demonstrate the capacity to avoid graft-versus-host disease.'®
Another study also reports that CRISPR/Cas 9 technology engineered PD1 deficient anti-CD19 CAR-T cells demon-
strated improved anti tumour effects in vivo.'®* CRISPR Cas technology can be utilized to knock out CD7 on CAR-T
cells for the survival of CAR-T cells as they might kill among themselves due to the CAR recognition of CD7.'®° There
is another report about “off-the-shelf “universal T cells generated with CRISPR /Cas9 system which is against CD7+
T cell malignancies and express neither CD7 or T cell receptor alpha chain (TRAC). These CAR-T cells demonstrated
efficacy against human T cell acute lymphoblastic leukemia and without the occurrence of graft-versus-host disease
in vivo or in vitro.'®® A team led by oncologist Lu You at Sichuan University in Chengdu injected CRISPR Cas9
modified autologous T cell back into a person with aggressive lung cancer as part of a clinical trial for cancer therapy
ClinicalTrials.gov Identifier: NCT02793856).'% These above examples could inspire scientists to develop universal
T cells against COVID-19. In addition CRISPR/Cas9 technology shows great potential in promoting the CAR-NK cell

188

therapy for instance by induced pluripotent stem cell -derived CAR NK cells °° as it has the capacity to knock in and

out genes or cell surface receptors already researched in CAR-T cell engineering or correct disease causing genetic

mutations.'8%1°

Limitation of CRISPR Cas Technology

Safety concerns such as off-target effects needs to be overcome before CRISPR Cas technology can be applied
widely and clinically.The CRISPR/Cas mediated genome editing technique is still facing obstacles and requires
optimization. The gRNA/Cas9 complex demonstrate tolerance of 1-3 or even more mismatches in their targets, as
Cas9 could target many unintended sites in human genome other than aimed at. Thus, genomic sequences that harbors
similarity to the intended target site could potentially become the undesired target site. A research group suggested
that most of these off-target effects can be avoided by the careful control of CAS9 mRNA concentration.'®' CRISPR/
Cas9 systems targeting the human hemoglobin B and C-C chemokine receptor type 5 genes caused off-target
cleavage, resulting in gross chromosomal deletions.'”* A study indicated that the application of CRISPR gene editing
could introduce hundreds of random mutations in the genome when whole-genome sequencing was carried out on
a CRISPR—Cas9-edited mouse.'”> Another shortcoming of CRISPR Cas technology is that it may result in unex-
pected translocations between double-strand breaks when multiple genes are modified.'** Off-target genetic mutations

962 https: Drug Design, Development and Therapy 2022:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove He and Zeng

are relatively harder to detect than on-target modifications, as off- target mutations are random and could be
anywhere in the genome. The most common method to counter these off-target effects is to design guide RNA
sequences with more precision and there are tools are publicly available for that.'>> By altering the length, secondary
structure, or chemical composition of single guide RNAs, a few groups suggested that off-target effects can be
minimized.'**™'*® Although, these modifications may also decrease their efficiency, studies showed that partial
replacement of RNA nucleotides with DNA could further minimize the off-target impact while retaining on-target
efficacy.'”® See Figures 2.

Results and Discussion

The current literature suggests that most of the current side effects of vaccines, convalescent plasma and neutralizing
antibodies, are mainly mild or moderate and non-life threatening, Table 4. However, factors including mobility,
environment, ethnicity, pollution, vaccinations among countries, and risk factors in society, that can accelerate diffusion
of SARS-CoV-2 also affect the effectiveness of vaccines, therapies. Usually, vaccines are utilized for prophylactic
purposes and therefore they are given to the population after various clinical trials to ensure safety before mass
production whereas during natural exposure to authentic SARS-CoV-2, factors such as the quantity of viruses, the
authenticity and viability of viruses, the type of variant and the precise viral immunity of the individuals exposed cannot
be artificially controlled, but vaccines still provide protection for the population from SARS-CoV-2, although develop-
ment of COVID-19 cannot be entirely prevented. Neutralizing antibodies and immune cell based therapeutics boost the
body immune responses when administered to the immunosuppressed or infected individuals with highly specificity to
the SARS-CoV-2 variants or any future novel variants detected in the body before the viral attack gains the upper hand, it
is possible that they could promote a quicker recovery or prevent further progression of the disease. From the literature

Figure | Strategies to tackle SARS-CoV-2.
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T Cell Based Therapy
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Figure 2 Combined strategy of CRISPR Cas tools and immunotherapeutics during the course of COVID-19.

reviewed, it seems that the monitoring of blood and serological parameters and flow cytometry analysis of peripheral
blood mononuclear cells to screen viral activities and immune activities in the body of COVID-19 patients could enable
on-going personalized immunotherapeutic treatment and allow adjustment of regimen against the variants detected
closing gates for immune escape. However, the development of immunotherapeutics such as CAR-T cell therapy or
CAR-NK cell therapy are expensive and time consuming. In addition there are still technical difficulties to solve such as
generating the appropriate immune cells and antibodies in sufficient quantities in a short period to treat the patient in
order to prevent serious disease progression. Off-the-shelf immunotherapeutics might seem ideal as the physicians could
prescribe immunotherapeutics according to the exact SARS-CoV-2 variant or variants. Both immunotherapy and
CRISPR Cas based therapy have their limitations, but immunotherapy show some more advantage over CRISPR Cas
technique currently as authorized convalescent plasma and neutralizing antibodies have already been utilized clinically
with certain extent of efficacy, already having their safety evaluated in clinical trials, although immune cell based
therapeutics are not yet mass produced for large scale clinical implementation.

Limitations

T cell based therapy, CAR-T cell therapy, NK cell based therapy or CAR-NK cell therapy and CRISPR Cas techniques
are not yet therapeutics clinically conventionally used against COVID-19, and the data are currently rather insufficient
in comparison to studies on the currently authorized vaccines, convalescent plasma and neutralizing antibodies, and
studies of their effects against various current variants of concern Of SARS-CoV-2. We hope this review will inspire
more future researches on CRISPR Cas based approaches and immune cell based therapeutics as specific cure against
COVID-19.
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Table 4 Potential Side Effects of Vaccines and Immunotherapeutics

Therapy Type Potential Side Effects
Vaccine BNT162b2, mRNA-1273, AZD 1222, Ad26. Fevers, chills,aches, allergic reaction, neurologic complications, fatigue,
Cov2s headache.?®®
BNT162b2, mRNA-1273 Injection site pain, fatigue, headache, and myalgia, second dose for both
vaccines, particularly for systemic reactions, chills, fever, and joint pain.2°'2%2
BNT162b2, mRNA-1273 Anaphylaxis.2%3
BBIBP-CorV Fever, injection site pain, tenderness, redness, headache, fatigue, nausea,

diarrhea, cough, allergy, muscle pain, abdominal pain,lethargy, back pain.2**

CoronoVac Pain, redness, swelling, injection site pain, pruritus, cough, fatigue, diarrhea,

back pain, hypersensitivity, muscle pain, decreased appetite.2%®

BBVI52 Headache, fatigue, nausea, vomiting, fever, injection site pa\in.206
Convalescent ClinicalTrials.gov number, NCT04373460 Pneumonitis, headache, hypertension, non-cardiac chest pain, infusion related
Plasma reaction.®

ClinicalTrials.gov number, NCT04338360. Mortality, circulatory overload, acute lung injury, severe allergic transfusion

reaction.””

Neutralizing Bamlanivimab monotherapy or combination Chills, diarrhea, dizziness, headache, nasal congestion, nausea, pruritus,
antibodies therapy of bamlanivimab and etesevimab pyrexia, rash, syncope, vomiting.zo8

Casirivimab and imdevimab Vomiting, nausea, abdominal pain, pruritus, urticaria, chills, flushing.99
T cell/NK cell NK cells and/or memory T cell infusion Infusion reactions, side effects related to frozen products, graft-versus-host
based disease.?*’

therapeutics

Conclusion and Future Perspectives

The CRISPR Cas technology could be utilized to refine the combined cocktails of CAR-T cells, CAR-NK cells and
neutralizing antibodies against SARS-CoV-2. In addition, CRISPR Cas technology are proposed in hypotheses to degrade
the viral RNA in order terminate the SARS-CoV-2 activities. Thus personalized cocktails of immunotherapeutics and
CRISPR Cas systems against COVID-19 as a strategy might be an option to inhibit further disease progression and
circumvent immunity escape taking into account the genetic factors. CAR-T cell therapy, NK cell based therapy and
CAR-NK cells are still under development whereas CRISPR Cas tool still require research and development before it can
be applied clinically and safely to break down the SARS-CoV-2 genome in vivo with high efficacy, however challenges
needs to be overcome in order to discover suitable delivery system for the CRISPR Cas tools, and it is necessary to
eliminate any potential off-target effects to ensure precision and safety for it’s utilization against SARS-CoV-2 in vivo,
and there are moral issues to consider before clinical application, although currently it has shown capacity to improve
immune cell based therapeutics by knocking-in and knocking-out of genes and cell receptors as they have already been
used in researches to refine cancer cell targeting CAR-T cells. SARS-CoV-2 could affect individuals uniquely, thus the
application of immunotherapeutics and CRISPR Cas systems should be adjusted to every individual viewing their

condition in a whole picture along with their unique behaviour, environment and genetic profiles.'’
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